Abstract. Photonic crystals with liquid-crystlal materials are extensively studied for their tunabilities. However, until now the studies mainly focused on the tunable photonic band gap properties. In this article, the tunable self-collimation in liquid-crystal-filled photonic crystals is discussed in detail. The impact of the twist angle of liquid crystals on the self-collimating frequencies is presented by using the plane wave expansion method. Moreover, the light propagation in the photonic crystal is simulated with the finite-difference time-domain method. The simulations show that the self-collimating frequencies are tunable by changing the liquid-crystal twist angle so that the self-collimating photonic crystals can be applied in different frequency bands.
Introduction
Liquid crystal is an anisotropic material, which is widely used in the design of various kinds of optical devices. When the liquid crystals are influenced by the electric field in a certain direction, the crystal column orientation will arrange along the applied electric field direction, so as to show the anisotropy. The crystal column orientation will change with the change of the applied electric field direction, and the dielectric constant also will change accordingly [1] .Consequently, the dielectric constant of liquid crystals can be controlled by adjusting the direction of the applied electric field. Exploiting the property of liquid crystals, when liquid crystal material is added into the photonic crystals, the property of photonic crystals can be adjusted using applied electric field. At present, the studies of liquid-crystal-filled photonic crystals mainly focused on the tunable photonic band gap properties [2, 3] . In additional, there are some studies employing on the tunable negative refraction [4, 5] . In this paper, the tunable self-collimation in liquid-crystal-filled photonic crystal is discussed in detail.
Self-collimation is an anomalous dispersion phenomenon in photonic crystals, which is proposed firstly by Kosaka etal [6] . The group velocity of light waves in photonic crystals can be expressed as
k , where k is wave vector, and w is angular frequency [7] . In the photonic crystals, the direction of light propagation is determined by the photonic crystals dispersion curve and it is perpendicular to the dispersion surface. The cross section of a given frequency dispersion curve is called the frequency line at the given frequency. The direction of group velocity and the frequency line are perpendicular to each other. When the frequency line is a straight line, light wave with the corresponding frequency will transmit without diffraction along the direction perpendicular to the frequency line, and in the process of transmission, the beam width is almost no change. The transmission is significantly different from the light propagation depending on the photonic band gap in photonic crystal waveguide. This phenomenon is called self-collimating effect of photonic crystals. In the photonic crystals, self-collimating transmission has some obvious advantages compared with waveguide transmission, such as: no defects, reducing the difficulty of processing; achieving the lower refractive index of the medium than the band gap formation required; self-collimating transmission in the case of misalignment without certain the coupling position and so on. Generally speaking, the self-collimating frequency of photonic crystal is fixed. In this paper, through the introduction of liquid crystal material, the self-collimating frequencies of photonic crystals are tunable by adjusting the direction of applied electric field.
The Oretical Model of Lcd Photonic Crystal
The liquid crystal columns will arrange along the direction of the applied electric field when the nematic liquid crystal is influenced by the applied electric field, which shows the anisotropy. In anisotropic medium, the propagation of electromagnetic wave still satisfies the wave equation [8] .
H r H r r (1) According to the Bloch theorem, the electromagnetic wave in the medium period can be expressed as the superposition of a series of plane wave. Therefore, magnetic field H(r) can be expressed as 
The dielectric constant of the uniaxial crystal material is a tensor. In general, the intersection angle between optical axis of liquid crystal and x-y plane is θ, and the angle between the projection in x-y plane and the x axis is φ. Them can be seen in fig.(1) . When the liquid crystal optical axis is in x-y plane, namely, θ is 0, the dielectric constant tensor can be written as [9] : 
Where εo and εe are respectively the unusual dielectric constant and the anomalous dielectric Putting formula (2), (3), (5) into (1) and multiplying by eG, we can get
For the two-dimensional problem, assuming that the photonic crystals arrange periodically in the x-y plane and axial direction of dielectric cylinder or air hole is along the z direction, the above formula can be decomposed into TE mode and TM mode. The formula can be solved by solving the two independent problems. In this case, equation (6) can be expressed as follows. 
The above equation is an infinite matrix eigenvalue problem, where k is plane wave vector, ( ) h λ G and λ G e respectively are the amplitude and the unit vector of the polarization vector perpendicular to (k+G). In actual operation, we can select the appropriate number of plane waves to solve it numerically as needed. For general two-dimensional photonic band gap problem, when taking 441 plane waves, the error is less than 1% [10] .
Simulation and Analysis Tunable Self-Collimation
Punching in the dielectric plate taking silicon (n=3.50) as the background material according to tetragonal lattice periodically and filling with liquid crystals in the air holes can form liquid-crystal-filled photonic crystals. In order to verify the transmission of self-collimating beam in a long distance, the number of air holes is 54×23. The radius of air hole is r=0.40a, where a is the lattice constant. Firstly, assume that photonic crystals arrange periodically in the x-y plane, that is to say, the axial direction of air hole of photonic crystals is along z direction. And then assume that the pointing vectors of liquid crystals respectively are parallel and perpendicular to the x-y plane for TE mode and TM mode.
For tunable liquid crystals, the common types of liquid crystal materials are 5CB, E7 and Phenylacetylene. Among them, Phenylacetylene is a new type of liquid crystals, which is firstly discovered by Fujisawagn and Sekine et al. A characteristic of the liquid crystals is the larger refractivity difference. their unusual and abnormal refractive indexes respectively are 1.590 and 2.223, and refractivity difference is 0.663, which is further lager than the difference of refractive indexes of 5CB and E7 [11] . Therefore, the tunability of Phenylacetylene is larger than 5CB's and E7's. In this paper, Phenylacetylene liquid crystals will be chosen.
Adjusting the direction of applied electric field can control the twist angle of liquid crystals and then change the refractivity. Due to the change of refractivity, self-collimating frequencies of photonic crystals will change. In order to study the twist angle φ of liquid crystals how to affect the self-collimation, to use the plane wave expansion method to calculate the frequency lines at different twist angles and achieve self-collimating frequencies from the corresponding frequency lines so that the relationship can be get between the twist angles of liquid crystals and self-collimating frequencies.
Next the study takes TE mode for instance and the method of TM mode is similar to it. The relationship between the twist angles of liquid crystals and self-collimating frequencies by using the plane wave expansion method to calculate is shown in fig.(2) . In order to ensure the accuracy of calculation, each time all is calculated by using the 4096 plane wave. From the fig.(2) , the self-collimating frequencies can be decreased gradually with the increase of the twist angles of liquid crystals for TE mode. In particular, when the twist angles of liquid crystals φ equals 0° and 90°, their frequency lines respectively are shown in figure 3(a) and (b) . We can see that when the twist angle φ=0°, self-collimating frequency fsc=0.302c/a. And when the twist angle φ=90°, self-collimating frequency fsc=0.292c/a.
(a) φ=0° (b) φ=90° Fig.(3) .The second band frequency line of photonic crystals for TE mode when φ=0° and φ=90°
In order to verify the self-collimating tunability, the light propagation in the different twist angles of liquid crystals is simulated with the finite-difference time-domain method. The simulation software is FDTD and MEEP, which are open source and free [12] . Boundary conditions of FDTD employ the PML absorbing boundary conditions and the resolution ration of simulation is a/32. The gauss line source whose frequencies fsc are 0.302c/a and 0.292c/a respectively and spatial width is 4a projects from the left side of photonic crystals. ) show the steady-state Hz field distribution of TE mode Gaussian beam propagation in photonic crystals when the twist angles of liquid crystals φ are 0° and 90° respectively and frequency f is 0.302c/a. As is shown in figure 4 , we can see that beams almost have no diffraction propagation along a straight line in photonic crystals and there is almost no change for the beam width when the twist angle of liquid crystals φ is 0°. Beams reflect a very good performance on self-collimating transmission. However, when the twist angle of liquid crystals φ is 90°, beams have large divergence in photonic crystals, which does not meet the requirement of self-collimating transmission. The above simulation proved that self-collimating frequency of photonic crystals satisfies fsc=0.302c/a when the twist angle of liquid crystals φ is 0°, and self-collimating frequency fsc is 0.292c/a when φ=90°. Therefore, self-collimating frequencies of photonic crystals are tunable by adjusting the applied electric field.
Conclusion
The tunable self-collimation in liquid-crystal-filled photonic crystals is discussed in detail. The impact of the twist angles of liquid crystals on the self-collimating frequencies is presented by using the plane wave expansion method. Moreover, the light propagation in the photonic crystals is simulated with the different twist angles in FDTD [13, 14] . The research results show that the self-collimating frequencies are tunable by adjusting the direction of the applied electric field and then controlling the liquid-crystal twist angles so that the self-collimating photonic crystals can be applied in different frequency bands to meet the requirement of different occasions.
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